To examine the coupling ofATP hydrolysis to helicase translocation along DNA, we have purified and characterized complexes of the Escherichia coli Rep protein, a dimeric DNA helicase, covalently crosslinked to a singlestranded hexadecameric oligodeoxynucleotide (S) (3) (4) (5) . Despite the importance of these enzymes and the large number of DNA helicases that have been identified, mechanistic studies on these enzymes have only begun recently (for reviews, see refs. 1, 6, and 7).
crosslinked Rep complexes formed with dT16. Therefore, ATP hydrolysis by both PS and P2S complexes are not coupled to DNA dissociation. This also rules out a strictly unidirectional sliding mechanism for ATP-driven translocation along single-stranded DNA by either PS or the P2S dimer. However, ATP hydrolysis by the doubly ligated P2S2 Rep dimer is coupled to single-stranded DNA dissociation from one subunit ofthe dimer, although loosely (low efficiency). These results suggest that ATP hydrolysis can drive translocation of the dimeric Rep helicase along DNA by a "rolling" mechanism where the two DNA binding sites of the dimer alternately bind and release DNA. Such a mechanism is biologically important when one subunit binds duplex DNA, followed by subsequent unwinding. DNA helicases are motor proteins that use the chemical energy of nucleoside 5'-triphosphate (NTP) hydrolysis to perform the mechanical work of disrupting the base pairs between complementary strands of duplex DNA to form single-stranded DNA (ssDNA) intermediates (1, 2) . These molecular motors are essential components of most DNA metabolic and processing machineries in all organisms (2) , and mutations in helicases involved in DNA repair processes have been linked to a number of human skin cancers (3) (4) (5) . Despite the importance of these enzymes and the large number of DNA helicases that have been identified, mechanistic studies on these enzymes have only begun recently (for reviews, see refs. 1, 6, and 7).
DNA helicases must translocate along DNA to unwind DNA processively and thus have features in common with motor proteins such as cytoplasmic kinesin (8) (9) (10) . DNA helicases appear generally to be oligomeric, primarily dimeric or hexameric (1, 6, 7) ; for example, the Escherichia coli Rep helicase functions as a dimer (11) , with both subunits able to bind DNA and ATP (10, 12, 13) . Of particular mechanistic interest is how helicases translocate along DNA and how this is coupled to NTP hydrolysis. In this regard, most helicases display a macroscopic "polarity" in DNA unwinding assays in vitro-i.e., unwinding by most helicases is stimulated if the DNA duplex possesses a 5' ssDNA "tail" flanking the duplex (a 5' ->3' helicase) or a 3' ssDNA tail (a 3' ->5' helicase). This observation has led to the suggestion that helicases couple the energy derived from ATP hydrolysis to translocate unidirectionally along ssDNA, although direct evidence in support of this is lacking. On the other hand, we (14) have shown that unidirectional translocation along ssDNA is not essential for DNA unwinding by the E. coli Rep helicase, a 3' ->5' DNA helicase. Furthermore, we have proposed an active, rolling model for Rep-catalyzed DNA unwinding (13) based on our finding that one subunit of the Rep dimer binds directly to the duplex region to be unwound while the other subunit binds to ssDNA (13, 14) , and we noted that such a rolling model could also be envisioned as a mechanism for translocation of the Rep dimer along ssDNA.
To distinguish between these mechanisms for helicase translocation along ssDNA, we reasoned that any directional bias in translocation requires coupling of ATP hydrolysis to movement. In particular, a strictly unidirectional sliding mechanism (no "slippage"), in which the same protein subunit maintains contact with the ssDNA during translocation, would require tight coupling to hydrolysis, while a "rolling" mechanism without directional bias would not. Toward this end, we characterized the ATPase activities of covalently crosslinked Rep-single-strandedoligodeoxynucleotide complexes, reasoning that severe inhibition of the ATPase activities of such complexes would result if ATP-driven translocation occurs by a strictly unidirectional sliding mechanism. Such crosslinked Rep-ssDNA complexes will also provide a useful means for studying putative intermediates in the DNA unwinding reaction.
MATERIALS AND METHODS
Reagents and Buffers. [a-32P]ATP (3000 Ci/mmol; 1 Ci = 37 GBq) was obtained from Amersham. Spectrophotometric grade glycerol, HPLC grade methanol, and 99% triethylamine were obtained from Aldrich. Sulfo-N-succinimidyl-6-(4'-azido-2'-nitrophenylamino)hexanoate (sulfo-SANPAH) was obtained from Pierce. Amino-modifier-C2-dT phosphoramidite was obtained from Glen Research (Sterling, VA). All solutions were made with reagent grade chemicals, except as noted above, using Milli-Q H20-i.e., distilled H20 that was de-ionized using a Milli-Q Water Purification System (Millipore). All binding experiments and ATPase assays were carried out in BBM buffer [20 mM Tris HCl, pH 7.5 at 4°C/6 mM NaCl/5 mM MgCl2/10% 10052 Biochemistry: Wong and Lohman pRepO (15) as described (16) . Rep concentration was determined spectrophotometrically using s20 = 7.68 x 104 M-l cm-I for Rep monomer (14) . An ATPase-deficient mutant of Rep, K281, in which Lys-28 was replaced with Ile, was constructed and purified to >99% purity (unpublished data). T4 polynucleotide kinase was purchased from United States Biochemical. Oligodeoxynucleotides dT16, d(T3C2T12), d(T7C2T8), d(T12C2T3), where C2 denotes amino-modifier-C2-dT, were synthesized using an Applied Biosystems model PCR-mate 391 DNA synthesizer and were purified to >99% homogeneity as described (17) and dialyzed (Spectra/Por 7 MWCO 1000) into Milli-Q H20 for storage. Oligodeoxynucleotide concentrations were determined spectrophotometrically in 10 mM Tris-HCl (pH 7.5), 1 The sample was UV irradiated for 4-6 h. Buffer containing 50 mM Tris (pH 7.5) and 20% glycerol without salt was added to replace volume loss due to evaporation, and 5 M NaCl added to a final concentration of 100 mM. This was loaded onto a 2 ml Macro-Prep Hi-Q anion exchange column (Bio-Rad) equilibrated in 50 mM Tris (pH 7.5), 100 mM NaCl, and 20% glycerol, rinsed with 4 ml of the same buffer, and eluted with buffer containing 1 M NaCl. Fractions of six drops each were collected. Pink DNA containing fractions were pooled (-3 ml) and carefully layered onto a 30 ml Bio-Gel P-6 column equilibrated with buffer containing 50 mM Tris (pH 7.5), 1 M NaCl, and 10% glycerol running at a 5 ml/h. Fractions of 1.5 ml were collected while monitoring the absorbance of the eluate at both 254 nm and 280 nm.
Crosslinked complexes (A280 > A260) eluted in the void volume which was collected and pooled. Buffer containing 50 mM Tris (pH 7.5) and 20% glycerol was added to the sample to 25 ml and the sample was dialyzed for 6 h against 1 liter of the same buffer containing 100 mM NaCl. The dialysate was reloaded onto the Macro-Prep Hi-Q column that had been reequilibrated with 100 mM NaCl. The column was rinsed with 10 ml buffer containing 100 mM NaCl and eluted with 1 M NaCl as before. The fractions containing protein and DNA were pooled and dialyzed against 5x binding buffer. Due to the thermodynamic stability of P2S and the negative cooperativity of binding DNA to P2S to form P2S2, the purified crosslinked mixture contained a significant fraction of uncrosslinked Rep subunits in the form of P2S. However, all uncrosslinked DNA has been removed.
ATPase Assay. ATPase activity was determined at 4°C by measuring the initial rate of conversion of ATP to ADP using Intervals between time points ranged from S to 20 s depending on the anticipated rate of hydrolysis. Eight to 10 time points were taken per assay, but only the linear portion of each time course, <60% product formation, was used to determine the initial velocity. The extent of ADP formation was monitored by spotting 1 ,lI onto polyethyleneiminecellulose TLC plates (Merck). TLC plates were developed using 0.3 M potassium phosphate (pH 7.0) as the mobile phase, dried, and imaged on a Betascope 603 direct ,3-emission imager (Betagen). Spots corresponding to radiolabeled ATP and ADP were quantitated using software supplied by the manufacturer.
Concentration Dependence of the ATPase Activity of
rially diluted to span a range of concentrations from 2 ,uM to 27
nM. The solutions were allowed to equilibrate at 4°C in the cold room for 30 min and then assayed for ATPase activity as described above. The resulting isotherm was analyzed by nonlinear least-squares methods (18) [2d]
The fit is not sensitive to the isomerization between PS and PS*; however, the equilibrium was included, constraining K2 = 13 as determined by Bjornson et al. (19) . The specific ATPase Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 10053 activity of PS and PS* in the fit was constrained at 2 s-1 as determined for native uncrosslinked Rep (20 Pilot crosslinking studies were performed, the reaction products were separated by denaturing SDS/PAGE, and the radioactive bands corresponding to free and crosslinked DNA were quantitated (Fig. 1B) . These studies indicated that the three oligodeoxynucleotides can be crosslinked to Rep; however, they showed different crosslinking efficiencies, with d(T3S2T12) being the least effective (-35% Rep crosslinked) and d(T7S2T8) the most effective (80-90%). We therefore purified mg quantities of crosslinked .
Although all of the DNA in the "purified" samples of Repd(T7S2T8) was crosslinked to Rep subunits, the sample also contained free Rep protein dimerized (noncovalently) to crosslinked Rep, because DNA binding induces Rep dimerization. We determined the fraction of crosslinked Rep subunits by directly titrating an aliquot of the purified sample, containing 200 nM total Rep protomers, with free Rep monomers (containing no DNA) while monitoring the ATPase activity (Fig. 2) unaffected by the crosslinking. Under these reaction conditions, the only species present are P2S, PS (including PS*), and P. The addition of 42 nM P converted all of the PS to P2S, which led to the increased ATPase activity. Therefore, 121 nM (one half of 200 nM + 42 nM), or 61% of the original 200 nM Rep protomers were crosslinked to d(T7S2T8).
Rep dimerization is induced upon DNA binding (11) such that the dimerization equilibrium constant increases by at least 4-5 orders of magnitude on binding DNA (12, 13) and dimerization increases Rep's ATPase activity dramatically (19, 20, 22 (19) .
The change in the ATPase activity of the crosslinked Repd(T7S2T8) mixture as a function of concentration (27 nM to 2.0 ,uM total protomer) (Fig. 3B) showed further that the equilibrium constants for Rep dimerization were unaffected by ssDNA crosslinking. The increase in ATPase activity with increasing protein concentration was biphasic with an intermediate plateau region between 100 to 300 nM. Consistent with the negative cooperativity for DNA binding (12, 13, 22) , the intermediate plateau region represents formation of P2S while the second transition reflects formation of the P2S2 dimer. Due to the low solubility limits of Rep, it was not possible to saturate this second phase. From nonlinear analysis of the data, we determined a dimerization constant, K3 = 1.7 + 0.1 x 108 M-1, for the formation of P2S from PS* and P and an apparent kcat = 18 + 1.2 s-1 for ATP hydrolysis by P2S. We were not able to resolve the dimerization constant, K5, for forming P2S2 from 2 PS*, due to the lack of an end-point for the second transition. We were, however, able to obtain a best fit value of kcat = 77 + 9 s-I for ATP hydrolysis by P2S2 by constraining K5 to 1.6 x 105 M-1 as measured for native Rep (20) . The population distribution of PS, PS*, P2S, and P2S2 calculated from these values of K2, K3, and K5 are shown overlaid on the fit to the data.
We then measured the ATPase activities of each ssDNA ligation state of the crosslinked Rep to compare with those determined for uncrosslinked complexes (20) . The monomer species, PS, was formed at 1 nM total subunit concentration; based on our previous studies of uncrosslinked Rep-dT16 complexes as well as the value of K3 determined in the above titration, only monomers, P and PS, are present at this concentration. Since (20) .
The steady-state ATPase activity of the crosslinked P2S dimer, normalized to the total P2S concentration is shown in Fig. 4B (0 M-1Ls-, calculated as k_3K3 using a value of K3 = 1.7 x 108 M-1 as determined in the titration described above. Tables 1 and 2 ciation or translocation, thus ruling out any mechanisms for helicase translocation that require tight coupling.
We also have shown that the time courses of ATP hydrolysis by both crosslinked and uncrosslinked P2S dimers remain linear until >60% of the starting ATP has been converted to ADP. This result is consistent with the hypothesis that the ssDNA does not dissociate from the P2S dimer during steadystate ATP hydrolysis. Net dissociation of ssDNA from P2S would result in dimer dissociation and a resulting loss of linearity in the time course of ATP hydrolysis because the rate of dimerization to reform P2S would be rate-limiting under 25 (v) , 50 (0), and 100 AM (0) dT16 to form transiently crosslinked P2S2 at t = 0. At 20-s intervals, the ATPase activity was measured and was observed to increase transiently followed by a slower decay. Solid lines represent best fits to all data sets using the rate constants shown in Tables 1 and 2 i Biochemistry: Wong and Lohman these reaction conditions. However, because of the steadystate nature of the ATPase assay, this observation of linearity alone does not constitute proof that dissociation does not occur as there could be other compensating effects such as from changes in the protein oligomeric state (20) . The crosslinking results, however, provide strong corroborating evidence that the ATPase activity of P2S is not coupled to DNA dissociation. The results are therefore most consistent with the ssDNA remaining bound to Rep in both its PS and P2S complexes during multiple rounds of ATP hydrolysis. Because we have ruled out ATP coupled dissociation of ssDNA from both P2S and PS, the only remaining possible mode of translocation in these ligation states, if it occurs at all, would be via sliding (i.e., translocation while the same protein subunit maintains contact with the DNA). A related question is whether ATP hydrolysis fuels unidirectional sliding as a mechanism for helicase translocation along ssDNA (24) (25) (26) . The extent of any directional bias during translocation must be directly related to the degree of coupling between ATP hydrolysis and movement. In one extreme, strictly unidirectional translocation without "slippage" would require a high coupling efficiency between ATP hydrolysis and translocation such that tethering of the DNA to the helicase by crosslinking would be expected to severely inhibit its ATPase activity. In the other extreme, if ATP hydrolysis is independent of DNA movement, then it could not possibly fuel a directionally biased translocation. Therefore, our results indicate that translocation does not occur by a strictly unidirectional sliding mechanism since the tethered single-stranded oligodeoxynucleotide would restrict translocation and thus inhibit ATP hydrolysis. Although we cannot completely rule out a biased directional sliding mechanism, this would have to occur with low efficiency. Furthermore, the fact that the same ssDNA stimulated ATPase activity can be obtained with either dT16 or poly(dT) (20) also indicates that biased directional translocation is not required for maximal ATPase activity.
If ATP hydrolysis by a P2S Rep dimer does not stimulate DNA dissociation or translocation by sliding, then how might a Rep dimer translocate along DNA? Unlike the P2S dimer, ATP hydrolysis by the doubly ligated P2S2 Rep dimer is linear for only the first "10 s, after which it decreases significantly, indicating that continued ATP hydrolysis by the P2S2 dimer leads to changes in its DNA ligation and/or dimerization states (20, 27) . In fact, recent stopped-flow fluorescence measurements show that dissociation of a single-stranded oligodeoxynucleotide from one subunit of the P2S2 Rep dimer is enhanced -60-fold during the course of ATP hydrolysis (27) . Therefore, the rate of DNA dissociation from one subunit of P2S2, but not P2S or PS, is enhanced during ATP hydrolysis, indicating that ATP hydrolysis is coupled to DNA dissociation from P2S2. However, even for this reaction, an average of 150 ATPs are turned over for each net dissociation of DNA indicating a low coupling efficiency (<1%) under our conditions (BBM buffer at 4°C). Therefore, DNA dissociation from P2S2 is not obligatory during each ATPase cycle. This is consistent with our result that the initial steady-state ATPase activity of the P2S2 dimer is unaffected by DNA crosslinking.
Based on these results we propose a "rolling" model of translocation for the dimeric Rep helicase that takes advantage of the two distinct DNA binding sites of the dimer (12, 13) . In this model, net movement results from transient binding of ssDNA to the unligated subunit of P2S followed by release of ssDNA from the first subunit. This is the same type of translocation mechanism that we previously proposed for the dimeric Rep helicase during its DNA unwinding reaction (13) (13) , the macroscopic 3' -*5' "polarity" of DNA unwinding by the Rep helicase may originate from the asymmetry inherent at the unwinding junction. This is supported by the results reported here because a random diffusion process would not require a tight coupling of energy derived from ATP hydrolysis. Such a rolling mechanism also provides a means for processive translocation of the dimeric helicase. Whereas the increase in the rate of dissociation of ssDNA from one subunit of the P2S2 Rep dimer upon ATP hydrolysis would result directly in an increased rate of translocation, the lack of an ATP-stimulated DNA dissociation from the P2S dimer would ensure that one subunit of the dimer (although not always the same subunit) remains tightly bound to the ssDNA lattice throughout the translocation cycle.
There is currently no direct evidence to support the common assumption that unidirectional sliding of helicases along ssDNA is crucial to their mechanism of DNA unwinding. Interestingly, observations that an increase in the length of the ssDNA lattice results in a net increase in the ATPase activity of DNA helicases have been cited as support for ATP-driven unidirectional translocation (25) . In this context, the crosslinked Rep-ssDNA complexes described here would approximate the limit of Rep bound to an infinitely long ssDNA lattice, yet we observe no net increase in ATPase activity in these crosslinked complexes relative to uncrosslinked complexes of Rep bound to dT16, a single-stranded oligodeoxynucleotide approximately equal in length to the site size for the Rep monomer (12) . Furthermore, we have also shown that the #2-fold increase in ATPase activity of Rep bound to poly(dT) versus dT16 is due to an increase in the transient population of the P2S2 species (20) .
We have previously proposed an active "rolling" model for Rep helicase-catalyzed DNA unwinding in which the dimer simultaneously binds to both duplex and ssDNA (13) . Our current findings also rule out a strict unidirectional sliding along ssDNA as a mechanism for a targeted search by the Rep helicase for duplex DNA. We now propose, based on these findings, that the Rep helicase can translocate along ssDNA via a similar rolling model without need for an explicit directional bias, although this may occur by an as yet unknown mechanism. The same rolling or subunit switching mechanism can be readily extended to account for translocation of the ring-like hexameric helicases with each subunit providing a potential DNA binding site (1) .
